We present a novel micromachining procedure employing the noble gas halide, xenon difluoride (XeF 2 ), to rapidly undercut a sacrificial layer comprised of low-temperature deposited amorphous germanium (α-Ge). As a proof of concept, this process is utilized to fabricate electrostatically-actuated suspended Bragg mirrors applicable to wavelength-tunable surface-normal photonic devices. Exploiting XeF 2 as the release etchant, we observe a truly remarkable lateral etch rate in excess of 150 µm/min for a 1-µm-thick sacrificial α-Ge film. Given the rapid nature of this etch, we envision this procedure to be a promising approach for the lateral undercutting of large-area microdevices.
INTRODUCTION
The sacrificial etch method is a fundamental technique for the construction of microelectromechanical systems (MEMS). Within this framework, processes employing gas-phase etchants such as XeF 2 , bromine trifluoride [1] , and HF vapor [2] have proven quite successful; particularly in the case of XeF 2 for sacrificial silicon etching. As opposed to wet chemistry mediated undercutting, these processes enable rapid lateral etching without inducing capillary forces, thus eliminating the need for post-release critical point drying (CPD) and enabling efficient penetration into narrow micro/nanoscale vias. In this manuscript we present a novel micromachining procedure utilizing XeF 2 to selectively etch a sacrificial α-Ge film. When compared with sacrificial silicon etching, this process exhibits a significant enhancement in the achievable lateral etch rate. Additionally, the fabrication sequence may be tailored to incorporate low temperature deposition steps, ranging from thermal or electron-beam evaporation of α-Ge at room temperature (enabling deposition rates of 100 Å/s [3] ), to CVD processes producing high quality polycrystalline germanium films at temperatures below 450º C [4] .
GAS-PHASE GERMANIUM ETCHING
The results from a preliminary investigation of the lateral etch rate of α-Ge in XeF 2 are presented in Fig. 1 . For this experiment the α-Ge is deposited by room temperature electron-beam evaporation onto single-crystal GaAs substrates. This procedure results in extremely smooth films with surface roughness values ranging from 8-11 Å. Following evaporation, a SiN x structural film is deposited via PECVD at 200º C. A pattern consisting of circular etch vias and orthogonal stripes is then transferred into the SiN x with dilute HF. Finally, the α-Ge layer is selectively undercut in a pulsed XeF 2 etching system [5] . From the circular vias we measure a lateral etch rate of approximately 55 µm/min for the 1-µm-thick α-Ge sample. This value is comparable to that recently presented for crystalline germanium samples [6] and largely exceeds the maximum typical silicon etch rate of approximately 10 µm/min [7] . However, for the 30-µm-wide orthogonal stripes surrounding the circular apertures (see inset image in Fig. 1 ), we measure a remarkable lateral etch rate of nearly 160 µm/min. Given the rapid nature of this process, we propose that XeF 2 etching of germanium is a promising approach for undercutting large-area devices or for the lift-off of continuous films from a potentially re-usable handle substrate, as in the epitaxial liftoff process pioneered by Yablonovitch [8] . 
SUSPENDED DIELECTRIC BRAGG MIRRORS
The viability of our novel micromachining process is demonstrated through the development of electrostatically-actuated suspended dielectric Bragg reflectors (see Fig. 2 ), applicable to wavelength-tunable vertical-cavity lasers (VCSELs) [9, 10] and amplifiers [11] . The detailed fabrication sequence for these devices may be found in [12] . Although XeF 2 has been applied extensively in silicon-based microfabrication, to the best of our knowledge, this is the first use of this etchant for the development of MEMS with a germanium sacrificial layer, as well as the first use of XeF 2 for MEMS on a compound semiconductor substrate.
Figure 2: (a) Solid model of the suspended Bragg mirror. (b) Optical micrograph of a completed micromirror. (c) Line scan recorded with an optical profilometer; the inset includes the original 3-D mapping and indicates the path of the 2-D plot. The ideal profile is depicted along with the measurement. A minor upward bowing extends the nominal 1000-nm air gap to 1150 nm.
As with sacrificial silicon etching, this process results in excellent selectivity over most metals, dielectrics, polymers, etc. Additionally, the use of the non-plasma etch eliminates surface damage induced by ion bombardment, while the simplicity of the etching system allows for in situ viewing of the lateral etch front. Compared with previous implementations [11] , the fabrication of the suspended mirror structures is greatly simplified through: 1) the elimination of the CPD process, 2) the ability to monitor the lateral etch front beneath the transparent mirror structure, and 3) the largely reduced release etch time. In fact, for the devices presented in this manuscript, the total time required to successfully undercut an 80-µm diameter membrane is less than 20 seconds (achieved through two 10-s pulses or one single 20-s etch pulse). Following fabrication we investigate the static and dynamic characteristics of the suspended reflector using a laser-Dopplervibrometer-based MEMS motion characterization system [13] . Fig.  3 presents the step response of the suspended mirror structure, while the compiled displacement versus bias data are included in Fig. 4 . It is important to note that the step response exhibits temporal smoothing due to the limited 3-dB bandwidth of the vibrometer (250 kHz for velocity and 50 kHz for displacement). The settling time of this structure may be reduced by optimizing the geometry of the actuator to achieve sufficient squeeze-film damping for a near critically-damped response [14] .
From the theoretical fit of the static deflection data, the estimated snap-down voltage (displacement) is 30.9 V (447 nm) with the best fit achieved for an air-gap thickness of 1120 nm. This value compares well with the profilometer measurements of the air-gap thickness (1150 nm). Assuming this mirror is incorporated on a GaAs-based 1-λ semiconductor cavity with a hypothetical center wavelength of 1000 nm, the measured deflection would result in a wavelength tuning range of 37 nm at 30 V bias (this calculation includes the penetration depth for a 25.5 period GaAs/AlAs bottom mirror). 
SUMMARY AND FUTURE WORK
We have demonstrated a novel micromachining process exploiting XeF 2 to rapidly remove an evaporated α-Ge sacrificial layer. For large etch apertures we record undercut rates exceeding
